A convolute cut-edge design is performed using FEM (Finite Element Method) for a single step cup drawing operation in order to produce an earless cup profile. Mini-die drawing based on a circular blank shape is initially carried out in order to verify the earing prediction of the Yld2004 model for a body stock material. A realistic cup geometry is then employed to design a non-circular convolute edge shape. An iterative procedure based on finite element method is initially used to design a convolute shape for an earless target cup height. A constant strain method is suggested to obtain a new convolute prediction for the next iteration from the current solution. The Yld2004 model is also introduced to predict the anisotropy of the material precisely.
INTRODUCTION
Sheet metal forming may involve stretching, drawing, bending or various combinations of these basic processes. Deformation defects such as shape error, fracture and wrinkling have been found in sheet metal forming due to large deformation. In addition to the process control, an appropriate method of process design is required to produce a sound product. Generally, a suitable set of process parameters are determined by the trial-and-error method, because the process involves various factors such as material properties, blank shape, friction, geometric shape of a die, etc. Among these factors, the initial blank shape is one of the most important factors and numerous investigations have been carried out to obtain the optimum blank shape which can be deformed into the net shape.
The direct inverse design method has been reported to obtain an initial blank from the final shape directly with moderate computational time. Especially, Chung and Richmond [3, 4] and Chung et al. [6] proposed a direct design method and its theoretical basis, which is called ideal forming theory to produce an initial blank shape. Since these studies did not consider the real forming conditions such as tool geometry, the calculated blank shape has some errors in the calculated shape. Also, several design methods utilizing finite element codes were suggested (Toh and Kobayashi [8] , Iseki and Murota [7] . Chung et al. [5] ). However, large computational times are required in order to obtain a precise blank shape. In addition, a combination of the ideal forming theory and finite element method (so called deformation path iteration method) is proposed to minimize the number of iterations required to design the blank shape when both ideal forming and finite element codes are available (Park et al. [9] ).
Anisotropy has an important effect on the earing profile in a drawn cup, and it is closely related to thinning and formability of sheet metals. Thus, the anisotropy of the material should be properly considered for the realistic analyses of aluminum sheet forming processes. The anisotropy of a sheet metal during forming is a combination of the initial anisotropy due to its previous history of thermomechanical processing and to the plastic deformation during the stamping operation. When plastic deformation is moderate, as in sheet forming, a simple description of anisotropy based on experimental data as input is potentially as accurate for sheet forming simulation as the more sophisticated anisotropy model, and at a much lower cost. For these reasons, a constitutive model based on an anisotropic yield function and isotropic hardening appears to be a reasonable choice for performing sheet forming simulations. Many anisotropic yield functions associated with isotropic work hardening have been proposed. Based on the isotropic hardening assumption there have been previous efforts to simulate anisotropic phenomena such as the formation of ears in drawing circular blanks. Barlat et al. [2] recently suggested the new anisotropic model (called Yld2004) which potentially takes into account more than four ears. The yield function requires experimental input data every 15 degrees from the rolling direction (if the data is available). Thus, it can capture the detailed distributions of r-values and yield stress anisotropies and it predicts six or eight ears in a drawn cup (Yoon et al. [10] ).
The main objective of the current study is to design a non-circular convolute cut-edge shape by utilizing the finite element method incorporating the Yld2004 model. A constant strain method is utilized to determine a new blank shape for the next iteration from the previous blank shape, the deformed cup shape, and the earless target cup shape. A mini die drawing model is introduced to verify the earing profile based on the Yld2004 model when a circular blank shape is used. After the verification, a commercial cup geometry is used for the convolute shape design.
YLD2004-18P MODEL
The following analytical yield function, denoted by Yld2004-18p, was proposed by Barlat et al. [2] ;i.e.,
This is an isotropic and convex function with respect to its arguments. Two linear transformations provide 18 coefficients that can be used to capture the material anisotropy. Further, when the coefficients are all equal to unity, this function reduces to Hershey's isotropic yield function (1954) proposed to reproduce the yield surface calculated with a self-consistent polycrystal model. Recommended values of the exponent for this criterion are a=8 for FCC materials and a=6 for BCC materials. HCP materials cannot be accurately described with this type of function because they exhibit a strong strength-differential effect.
In Eq. 
Note that when
Among the 18 parameters of the yield function, 14 parameters are related to the in-plane properties of the sheet. and are determined from uniaxial tension tests(Barlat et al. [2] ). Four parameters are associated to out-of-plane properties, e.g., two tensile and two simple shear yield stresses. These four yield stresses cannot easily be measured for sheet samples but can be assumed to correspond to isotropic values as a first approximation. From all the data, a nonlinear equation minimizing the difference between predicted and experimental input data is solved to obtain the coefficients of the yield function.
CONSTANT STRAIN METHOD FOR CONVOLUTE CUT-EDGE DESIGN
There are many suggestions for an iterative method to design an initial blank shape when a target shape is given. Direct inverse design methods such as ideal forming for optimum blank shape play an important role in giving a basic design concept to a designer at the initial die design stage of the sheet metal forming process. However, it is difficult to predict an exact optimum blank because of insufficient accuracies related to assumptions in tool geometry and contact conditions. For the well established process like rigidpackaging, it is appropriate to use the finite element method directly for a non-circular cut-edge design without using the direct inverse method.
FIGURE 1. Schematic view for a constant strain method
There are several suggestions for the iterative blank modification to produce the target cup shape including the deformation path iteration method. In this work, considering the simplicity of the geometry in rigidpackaging, a constant strain method is employed to predict the blank shape for the next iteration from the previous blank shape, the previous deformed shape, and the target shape. Figure 1 explains the methodology to obtain the modified blank shape. Define L as the summation of the total length along the cup or blank. In the figure, subscript I, F, T means Initial, Final and Target, respectively. We can assume that L I deforms to L F and, then L M deforms to L T . By assuming the radial strain is constant for a given direction in the current and previous operations, the following equation is obtained:
Utilizing Eq. (4), it is possible to predict the modified blank shape for the next iteration. The iteration procedure is continued until the target cup height is reached. 
RESULTS & DISCUSSION
Duplicate material testing every 15 degrees for the a body stock material were performed to obtain yield stress and r-value directionalities required for the Yld2004 model. Figure 2 shows yield stress and rvalue plots predicted from Yld2004 model. FIGURE 3 . Earing profile for a mini-die drawing.
Mini-Die drawing was performed to verify the three different methods. To minimize the influence of process conditions like friction or sizing at the finishing stage of a complete drawn cup, the maximum punch stroke was determined so as to obtain a partially drawn cup with a flange area still under the die. The experimental earing profiles were measured from processing digital images of the partially drawn cup taken after each drawing step. The specific dimensions of the tools are given as follows: ) show the deformed shape obtained from a circular blank (0-iteration) and the earless target cup shape from non-circular convolute cut-edge (after 2-iteration), respectively. As shown in Figure 4 (b), the earless cup is obtained by using the constant strain method in Eq.4. Figures 5(a) and (b) show evolutions of initial and final shapes, respectively. It can be noted that as the convolute shape becomes non-circular in Figure 5 (a), the cup height profile for the final geometry becomes flat. Using the 2 nd iteration shape in Figure 5 (a), the targeted earless cup is obtained. Simulation with Circular Blank Simulation with Non-Circular Blank circular blank and the convolute cut edge). It can be shown that the cup thickness at the rim drawn from the convolute cut edge is more uniform than that from the circular blank. Due to springback, round-off errors in an output file of the FEM software (ABAQUS/Standard 6.3), and the error to calculate thickness in the continuum elements, the thickness plot shows several valleys. In fact, the results based on a shell model show the thickness at the rim using the convolute cut-edge is more uniform
CONCLUSIONS
A convolute cut-edge shape for a body-stock material was obtained from a finite element analysis based on Yld2004 model and a constant strain method. The constant strain method only required two iterations to produce the earless target cup and it is proven to be a powerful tool for the convolute design. Yld2004 model was accurate when the correct r-value and yield stress anisotropies were provided.
